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Association of Centrioles with the Marginal Band
of a Molluscan Erythrocyte
ABSTRACT
￿
Continuous circumferential bundles of microtubules, or marginal bands (MBs), are
best known as a prominent structural feature of all nonmammalian vertebrate erythrocytes and
mammalian blood platelets . Since their discovery in the late 19th century, MBs have been
thought to play a cellular morphogenetic role, but no cytological clues to the mechanism of
MB biogenesis have been reported .
In previous work we have established the presence of MBs in several invertebrate blood cell
types, including amebocytes and coelomocytes of certain Arthropod species and erythrocytes
of a Sipunculan . We report here the occurrence of MBs in erythrocytes of the ark Anadara
transversa (Mollusca) and four closely related species . The MBs of these arks have a striking
structural feature; each is physically associated with a pair of centrioles . The centrioles are
identified as such on the basis of morphological criteria : size, cylindrical shape, right-angle
orientation, pairing, and 9-triplet ultrastructure . This intimate association between centrioles
and MBs suggests that centrioles may be MB-organizing centers and invites comparative
investigation of their possible role in vertebrate erythrocyte and platelet morphogenesis .
Marginal bands (MBs) are continuous peripheral bundles of
microtubules, observed classically in the plane of flattening of
all nonmammalian vertebrate erythrocytes and of mammalian
platelets (3, 5, 14-16, 30) . They are generally believed to
function as cytoskeletal elements and to play a role in cellular
morphogenesis (2, 7, 17, 19, 22, 31) . Since their discovery in
1895 (12), MBs have been studied in numerous animal species
by light and electron microscopy, but no cytological clues to
their mechanism of formation have been reported .
We have been examining invertebrate blood cells with the
objectives of establishing the phylogenetic distribution of the
MB system and discovering cell types that are of experimental
value for its study . In previous work we have found MBs in
Arthropod blood cells, including Limulus amebocytes (horse-
shoe crab clotting cells), coelomocytes of Homarus americanus
(lobster) and several marine crab species, and in erythrocytes
of a Sipunculan (unsegmented marine worm ; 9, 10, 25) . We
report here the presence ofMBs in the hemoglobin-containing
erythrocytes of the ark Anadara transversa and its close relatives
("blood clams'% Mollusca) . A striking feature of these mollus-
can erythrocyte MBs is the direct physical association of each
with a pair of centrioles' (8) .
Use of the term "centriole" in this paper is based upon morphological
criteria only . All structures in this category are not necessarily func-
tionally equivalent (for example, mitotic centrioles vs . basal bodies) .
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MATERIALS AND METHODS
Anadara transsversa ("transverse ark") and Anadara ovali.s ("blood ark") speci-
mens were obtained at the Marine Biological Laboratory, Woods Hole, Mass .
Anadara brasiliana ("incongruous ark"), Anadara lienosafloridana ("cut-ribbed
ark") and Noetia ponderosa ("ponderous ark") were obtained from the Gulf
Specimen Co .. Panacea, Florida . Animals were maintained in theMBL running
sea water system or in tanks of "Instant Ocean" formula artificial sea water
(Aquarium Systems, Inc .. Eastlake, Ohio) at Hunter College. Species identifica-
tion was made by meansofpublished guides (l, 18) in consultation with suppliers .
To prevent premature puncture of tissues and subsequent blood loss or mixture
with internal sea water, the animals were opened in the following manner : a small
hole was created by chipping or filing the meeting edges of the shells . A probe
was inserted and worked in parallel to the shell edge, followed by a clam knife
for larger animals. The shells were then pried apart sufficiently by hand or by
rotation of the knife to prevent reclosure . Most of the blood was in the mantle
cavity lining both shells, from which it was removed by Pasteur pipette (smaller
specimens) or by puncture and drainage into a beaker (larger specimens) . In all
experiments blood samples were used immediately upon removal from the
animal . In a few instances the blood of A . transversa was murky brown rather
than red, and contained relatively few erythrocytes ; such blood was not used in
experiments . Molluscan Ringer's solution (6, 32) served as blood diluent . No
clotting occurred with or without diluent, obviating the need for anticoagulants .
For rapid visualization of the erythrocyte cytoskeletal system, blood was
diluted directly (-1 :10 vol/vol) into modified microtubule polymerization me-
dium (34) containing Triton X-100 (Triton) as the lyric agent . The lyric medium
(LyM) consisted of 100 mM PIPES, 1 MM MgC1 2 , 10 mM TAME (p-tosyl-L-
arginine methyl ester HCI), 5 mM EGTA, 0 .4'1: Triton X-100, pH 6 .8 . as used
previously for studies ofMBs in a wide range of vertebrates and invertebrates (7,
10, 11, 25) and for mitotic spindle stabilization (23, 28) .
When blood samples were examined immediately upon removal from the
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in contour. However, they lost this native morphology rapidly during incubation
in glassware or in contact with slide/coverslip at room temperature, becoming
more spherical and irregular in contour ("potato-shaped") . Therefore, for pur-
poses of photography, freshly drawn cells were fixed in molluscan Ringer's
solution containing 1% glutaraldehyde (9 vol Ringer's + 1 vol 10% glutaralde-
hyde) . Living, fixed, and lysed cells were examined and photographed with a
Zeiss phase contrast microscope, using x 40 and x 100 oil-immersion objectives
(0.75 and 1.3 NA).
Uranyl acetate-stained cytoskeleton whole mountsforTEMwere prepared as
follows: samples oflysed erythrocytes from A. transversa (1 drop of fresh blood/
0.5 ml of LyM) were placed on Formvar-coated grids for 20 min. Fluid was
drawn offwith filter paper (as in subsequent steps) and replaced successively by
LyM lacking Triton and TAME (= wash medium), wash medium containing
2.5% glutaraldehyde for 12-15 min, wash medium, water, and2% aqueousuranyl
acetate . The last was drawn offand the grids air-dried .
Cytoskeletal ultrastructure was also examined in thin sections . In initial
experiments with sections from whole fixed cells, excessive hemoglobin electron
density was found to obscure structural features. Therefore, the following method
involving simultaneous lysis and fixation was employed : 0.8 ml of blood (pooled
from three specimens ofA . transversa) was centrifuged gently, yielding a0.2-ml
cell pellet. The supernatant fluid was removed, and the cells were resuspended to
I ml in LyM containing 1% glutaraldehyde, pH 6.8 . After fixation for I h at
16°C, the cells were postfixed for I h in 0.1 M sodium phosphate buffer
containing 0.1% OsO,, pH 6, at 0°C (20). The material was then rinsed in water
at 0°C, stained en bloc in 1% uranyl acetate during ethanol dehydration,
infiltrated with propylene oxide-Epon, and embedded in Epon . Sections were
cut with a diamond knife on a Sorvall MT-2 ultramicrotome (DuPont Co.,
Sorvall Biomedical Div ., Wilmington, Del.) and stained with uranyl acetate
(saturated, in 50% ethanol) and Reynolds' lead citrate . These sections and the
whole mounts described above were examined in the Hitachi HS-8TEM oper-
ating at 50 kV .
RESULTS
Living erythrocytes of all ark species examined are highly
flattened, nucleated, and usually elliptical as observed in fresh
blood samples. As the shape is quite labile with even brief
storage, however, it may be preserved in essentially native
condition by fixing the cells immediately in molluscan Ringer's
solution containing 1% glutaraldehyde (Fig. 1 a) . Hemoglobin
tends to obscure both MB and nucleus in the intact cell, but
FIGURE 1
￿
Erythrocytes and erythrocyte "cytoskeletons" of the ark
Anadara transversa, as seen in phase contrast . (a) Cells freshly fixed
in molluscan Ringer's solution containing 1% glutaraldehyde . The
cells are highly flattened, generally elliptical, and contain refractile
bodies . Axes are typically in the 10-15pm range . (b and c) Examples
of cytoskeletons prepared in LyM. Hemoglobin is immediately
cleared by Triton, revealing elliptical MB, nucleus (N), cytoplasmic
particles (organelles?), and a pair of centrioles visible as phase-
dense "dots" within or upon each MB (arrows) . The centriole pair
is usually found near one end of the MB ellipse, as in b, but is
sometimesobserved at one side of the ellipse, as in c . Phase contrast,
x 1,300.
refractile inclusions are visible . Suspension of the erythrocytes
in LyM immediately clears them of hemoglobin, rendering
nucleus, granular inclusions, andMB easily visible underphase
contrast (Fig . 16 and c) . The NIBS appear as continuous
elliptical bands of intermediate phase density, each containing
at one location along the ellipse a pair of centrioles observable
as two phase-dense "dots" under oil immersion . The centriole
pairs were present in association with the MBs of erythrocytes
from all of the ark species investigated .
Further detailed light and electron microscopic observations
were made on A . transversa erythrocytes. In this species, the
centrioles are usually close together on the MB, but occasion-
ally there is a considerable gap between them . There is only
one pair per MB, typically occurring near one end of the
ellipse, as in Fig . 1 b, but sometimes at one side of the ellipse
as in Fig . 1c. The nucleus and other organelles/inclusions are
trapped within the area circumscribed by the MB, but the
structural basis for this entrapment is not evident in phase
contrast.
All of these structures are observed in glutaraldehyde-fixed,
uranyl acetate-stained lysed cell whole mounts in TEM (Fig .
2) . In addition, a trans-MB network of fibrous material can
now be seen (Fig . 2a ; Net) in which all cellular structures
appear to be enmeshed, and which presumably accounts for
their positional stability after cell lysis . The MB appears as a
continuous band, typically twisted at some point into a figure
eight . The centrioles are highly visible in the whole mounts
because of great electron density, surpassing that of the MB
(Fig . 2a) . The impression gained from studying numerous
whole mounts is that the centrioles are embedded within or
attached to theMB . Microtubules are oftenobserved radiating
from one or both members of the centriole pair (Fig . 2a and
b), and these are particularly prominent in the minority of
cases in which the centriole pair is attached to the cytoplasmic
side of the MB rather than being on or within it (Fig . 3).
In some whole mounts, fortuitous views reveal structural
features typical of centrioles in other systems, including ap-
proximate right-angle pairing (Fig . 4a), "hollow" cylindrical
shape with one closed end (Fig . 4a and c), and appropriate
size (-0.17 x 0.25 Am) . The centrioles are similar in diameter
to the sperm flagellum of the same species (Fig . 4c and inset)
observed as a contaminant in the whole-mount preparations,
and exhibiting typical "9+ 2" ultrastructure in our thin sections
(not shown) .
Varying degrees of separation between members of the
centriole pairscan be observed in theTEM whole mounts (Fig .
5), ranging from none (Fig. 5 a) to as much as 2 Am (Figure
5f) in terms of intervening length along the MB . The smaller
degrees of separation are by far the most common .
Thin sections of cells simultaneously lysed and fixed reveal
typical "9-triplet + 0" centriolar construction (Fig. 6a) and
right-angle cylinder orientation (Fig . 6 b) . The centrioles appear
to be coated with fuzzy material through which some of the
MB microtubules insert or pass (Fig . 6a and b) . The number
of microtubules in the A . transversa MB, as counted in cross
section, is in the 40-50 range . In longitudinal sections of the
MB, wispy bits of material are observed projecting from the
microtubule surfaces (Fig . 6 c), perhaps accounting for the gap
usually evident between adjacent microtubules in both longi-
tudinal and cross section (Fig. 6a and c) . In cross sections of
the MB, the centrioles often appear to be situated among the
MB microtubules, with the greatest microtubule density being
between the centrioleand the trans-MB network (Fig. 6 a) . The
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DISCUSSION
The centrioles observed in association with the MBs of the
molluscan erythrocytes examined have structural features typ-
ical of centrioles in general: cylindrical morphology with one
closed end, 9-triplet + 0 cross-sectional ultrastructure, and
(often) right-angle orientation . Their size is similar to that of
centrioles and basal bodies in other systems (13) . Although
their function in this system remains to be demonstrated, the
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presence of a centriole pair within or upon each MB immedi-
ately suggests a role as microtubule-organizing centers (MTOC ;
21, 27) for MB formation. The structural observations reported
here indicate that each member of the centriole pair is (or can
be) functional, as each is associated with radiating microtubules
in at least some cells. Their separation in a significant number
of cells is suggestive of individual but coordinated function,
precedents for which occur in the case of paired basal bodies
in certain species (29), and in the early stages of centriole pair
separation during animal cell prophase (13). The centrioles are
usually found near one end of the MB ellipse, but are occa-
sionally at the side . If they do have a role in MB formation, it
would thus appear to be independent of position on the MB
or, alternatively, to involve movement along the MB .
Although the most obvious role for these MB-associated
centrioles would be in MB formation and perhaps mainte-
nance, other possibilities are worthy of consideration . The
centrioles might be inactive remnants of the last mitotic divi-
sion, banished to the cell periphery . It is also conceivable that
these molluscan erythrocytes retain a capacity for mitotic di-
vision subsequent to differentiation, and/or that they have
more than a respiratory function in the animals (unlikely
alternatives; a search of the literature yields no information on
them) . The developmental history of the MB-associated cen-
trioles is of central importance to the problem, but the hema-
topoietic organ of the blood arks (if any) has not yet been
identified (33) .
The ark erythrocyte cytoskeleton is in general respects sim-
ilar to that of nonmammalian vertebrate erythrocytes in con-
sisting of MB plus trans-MB network (7) . Might centrioles be
involved in MB formation in these other species? Direct ex-
amination of the MB in similarly lysed nonmammalian verte-
brate erythrocytes has not revealed such obvious structures .
However, centrioles could be present during the period of MB
formation in hematopoietic tissue and subsequently disassem-
bled, destroyed, or hidden somewhere in the mature cell . Initial
investigation of dogfish erythrocyte cytoskeletons by use of
FIGURE 2
￿
(a) Typical cytoskeleton whole mount (A . transversa) as
seen with transmission EM after glutaraldehyde fixation and uranyl
acetate staining . The MB is visible as acontinuous peripheral fibrous
bundle (MB) twisted into a figure eight, with the centrioles appear-
ing to be embedded within it at the upper end (arrow) . Extra-MB
microtubules radiate from at least one of the centrioles, as shown
at higher magnification in b. Nucleus (N) and cytoplasmic particles
are densely stained, and surrounded by the second major cytoskel-
etal component, a trans-MB network (Net) most easily seen near
the figure eight crossover point . TEM, x 12,000 and x 54,000 respec-
tively .FIGURE 3
￿
A pair of centrioles appearing to be attached to the cytoplasmic surface of the MB rather than embedded within the
MB . Each of the centrioles has extra-MB microtubules radiating from it . Whole mount, A . transversa ; TEM, X 54,000 .
FIGURE 4
￿
Structural features of the centrioles as observed in whole
mounts includeapproximately right-angle orientation in some cases
(a), and hollow, cylindrical appearance (a and b) . In c, an under-
exposed print of the same pair as in b more clearly reveals the
electron-translucent interior, and shows one end of each cylinder
"closed" by electron-dense material . Typical dimensions are given
in c ; centriole diameter in whole mount is comparable to that of the
9 + 2 sperm flagellum of the same species (inset, fl), which is often
foundcontaminating the preparations . A . transversa; TEM, X 54,000 .
indirect antitubulin immunofluorescence reveals paired flu-
orescing structures in at least some cells (a minority ; 24).
Though preliminary, these results indicate that centrioles may
be present in vertebrate erythrocytes as well, and a careful
search for them in differentiating cells is warranted .
It has long been known that MBs areaprominent structural
feature ofall mammalian blood platelets (3, 30) . Are centrioles
involved in platelet morphogenesis? Developing megakaryo-
cytes, the large cells that ultimately produce platelets, are
known to undergo unique multipolar mitoses (26) and to
contain numerous centrioles (4) . Centrioles have also been
observed on occasion in platelets in association with the MB
FIGURE 5
￿
Variation in the extent of separation between members
of the centriole pairs observed in different cytoskeleton whole
mounts . The separation distance is usually small, as in a-c, ranging
from none (a) to -0.25 fm (c) . However, greater separation is
sometimes observed, as in d, e, and f, --0.5, 0 .8, and 2 .0jm (length
along MB), respectively . A . transversa ; TEM, X 18,000 .
(35), but it is not clear what percentage of platelets contain
them. Perhaps in the light of the present observations on the
blood ark erythrocyte MB, the possible role of centrioles in
platelet MB formation should be evaluated .
In the present work, MB-associated centrioles have been
found in all five of the closely related ark species examined,
including two from colder northern waters and three from
warmer southern waters . It is therefore likely that they are a
universal feature of erythrocytes of the Arcidae, and will be
found in similar "blood clams" available for study worldwide
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Cytoskeletal structure in thin sections of A. transversa erythrocytes that were lysed and fixed simultaneously . (a) Cross
section of MB and one of its associated centrioles . The latter shows typical 9-triplet organization, and has "fuzzy" material coating
its surface . About50 sectioned microtubules are present, a fewof which are on the cytoplasmic side of the centriole . The network
material (Net) appears rather diffuse in section, but characteristically coats the outer surface (plasma membrane side) of the MB
microtubule assemblage . (b) Acentriole pair in near longitudinal section, showing right-angle orientation and cylindrical structure
with one"closed" end. Fuzzy material, with which adjacent microtubules make contact, coats the centrioles . (c) MB in longitudinal
section . Microtubules show gentle curvature, and thin wisps of material are present on microtubule surfaces . N, nucleus . TEM, x
47,000.
(for example, A. senilis, the "bloody cockle" of West Africa,
and A . trapezia, the "Sydney cockle" of Australia; 33, 36).
Though typical of these species, hemoglobin-containing eryth-
rocytes are a rarity for the Mollusca in general .
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